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Abstract
A mode-locked vertical extended cavity surface emitting laser
Aoife de Burca

Surface emitting lasers are a competitive and flexible alternative to edge
emitting lasers. The surface-emitting laser has many useful characteristics,
which make it beneficial for many applications. These characteristics include
the ease of testing during the growth and the fundamental mode output that
is effortlessly achieved

The thesis is focused on the Vertical External Cavity Surface Emitting Laser
due to its increased flexibility beyond that of the Vertical Cavity Surface
Emitting Laser. A wide range of possible parameters are detailed allowing for
flexibility in design and applications.
Optically pumped pulsed cavity configurations were investigated in relation
to intra-cavity devices and mode-locking. The ring cavity was found to be of
particularly interest in regard to mode-locking as the cavity had two outputs
with different characteristics but the same frequency as set the cavity
length.
Achieving continuous wave (CW) pumped mode-locked output would require
excellent temperature control. This was investigated thoroughly with a
variety of temperature control techniques culminating in lasing with a CW
pumped simple cavity. The techniques developed during the investigation
included substrate removal, detuned material and highly thermally
conductive windows. Applying these to the mode-locked ring cavity devices
would require further development of the temperature control techniques.
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1

Semiconductor lasers

1.1

Evolution of semiconductor lasers

Light Amplification by Stimulated Emission of Radiation, Lasers, are devices
that emit coherent light radiation. Lasers are based upon an active medium
and an optical cavity that is usually a Fabry-Perot resonant cavity. A basic
cavity consists of two mirrors placed parallel to each other, so that the light
is reflected between the two. One of these mirrors should be partially
reflective. Output Coupler (OC), to allow light to exit the laser.
Theodore H. Maiman created the first working laser in 1960111; it was a
synthetic ruby laser. Later that year, the first gas, using helium and neon,
laser was made by Ali Javen, William R. Bennett and Donald Herriot. In
1962(21, Robert N. Hall created the first semiconductor laser in General
Electric; it was a Gallium Arsenide (GaAs) device that emitted at 850nm.
Many institutes were also investigating and demonstrating semiconductor
lasers around this time. These original semiconductor lasers may be placed
within the broad category of edge emitting lasers.

In 1965 the first surface emitting laser was reported by 1. Melngailisl^l. It
consisted of a n + pp + junction of InSb which was cooled to lOK and
subjected to a magnetic field in order to contain the carriers. The first near
infrared emission was reported at the Tokyo Institute of Technology in
197914] These early surface emitting lasers had metallic mirror resulting in

high threshold current densities. These mirrors were later replaced with
epitaxial mirrors in 1983(51.
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Edge emitting and surface emitting

1.2

Laser devices
Edge emitting lasers
Semiconductor lasers are lasers based upon a semiconductor gain medium,
they consist of a p-i-n junction embedded in a slab of semiconductor
material. The optical gain is achieved through stimulated emission, this
occurs when population inversion has occurred within the device.
Stimulated emission occurs when an electron is in the excited state and an
incoming photon, whose energy is equal to the difference between the excited
state and the ground state, stimulates a transition to the ground state
causing a the production of a second photon of the same energy and phase
as the original photon. The population inversion can be achieved through
electrical or optical pumping. The original photon is usually created through
spontaneous emission, thus commencing the gain process.

Many of the original devices were homostructures, heavily doped p-i-n
junctions figure 1-1, however these were inefficient and soon hetrostructures
were introduced.
The light confinement in the homostructures was relatively poor due to the
small refractive index step (An). The lack of meaningful containment resulted
in the relatively large drive current in the devices to achieve threshold.

p GaAs
n GaAs
n
Figure 1-1: Homostructure refractive index, n.
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As can be seen below hetrostructures provide better confinement of the
electrons, holes and therefore light. In figure l-2a below the single
hetrojunction improved the confinement of light greatly, this is due to the
single composition change, which provides a greater confinement of light due
to the large refractive index change at the interface of the p^ material and the
p material.

(a)

1

p GaAs
n GaAs

------------^
n
(i»

p GaAs
n AlxGa^.xAs

----------- ►
n

Figure 1-2: Hetrostructure diagram with refractive index, n.
a) single hetrostructure b) double hetrostructure

The double hetrostructure is so called due to its double composition change,
figure l-2b, has two material changes at both the interfaces of the p
material, GaAs. This large refractive index step restricts light further within
the active region resulting in a lowering of the threshold current below that
of the single hetrostructure.
ladding
Strip con
Cleaved sun
ctive region

divergent output
beam

Figure 1-3: Edge emitting double hetrostructure semiconductor laser.
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The ends of the edge emitter, figure 1-3, are cleaved to create the FabryPerot resonant cavity and the facets can be coated to achieve the desired
reflectivity. The reflectivity of such a cleaved mirror is typically lower than
that of the Distributed Bragg Reflector; this will be discussed in greater
detail later in the chapter.
In a Fabry-Perot resonant cavity figure 1-4, the electromagnetic wave is a
superposition of modes. Each mode has a wavelength, A where
21

=A

[Equation 1-1]

Where L is the length of the cavity, n is a strictly positive integer.

Figure 1-4: Fabry -Perot Resonator.

In general, the semiconductor materials have a range of a few nm for which
they amplify light. The typical cavity length of an edge-emitting laser is about
500 microns and therefore a few tens of modes can simultaneously lase,
figure 1-5. The black lines are the modes that would resonate in the FabryPerot cavity. The output of edge emitters therefore is clearly multimode with
all of the modes within the blue line being capable of lasing. To achieve
single mode emission, one can place the edge emitter in an external cavity
including a grating or realise a distribution feedback laser.
The modes that lase can be found using the threshold Equation 1-2.
Threshold condition expressed in terms of gain

S,h

+

1

-

f

^

a,(L-rfJ + ln-j=

[Equation 1-2][61

y

Where Ri, R2 are the mirror reflectivity’s, gththe threshold gain, aa the
absorption coefficient in the active region, ai the absorption coefficient in the
passive region, Lis the cavity length, fr is the confinement factor and da is
the total thickness of the active region.
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Figure 1-5: Allowable frequencies for Fabry-Perot edge emitting laser. The blue
line is the range for which the gain material amplifies light.

An interesting possibility to achieve single mode lasing is to decrease the
cavity length. This would increase the distance between the resonant modes
of the cavity and ensure that only one mode falls within the amplification
region. This device would be grown to emit through the surface of the device.
This can be seen in Figure 1-6 as a basic surface-emitting laser.

mirror

mirror

Figure 1-6: Basic surface emitting laser. The green region is the active region.

The laser seen in figure 1-6 needs very high reflectivity mirrors due to the
much shorter active region than that of the edge emitter. One of these
mirrors has a slightly lower reflectivity in order to allow the laser to emit
from the surface of the device.
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Surface-Emitting lasers
The surface-emitting laser splits into two subgroups; Vertical Cavity Surface
Emitting Laser (VCSELs) and Vertical Extended/External Cavity Surface
Emitting Laser (VECSELs) this may also be called a half VCSEL in some
literature. These groups have many common features such as the mirror
structure used, growth and active region.
There are many interesting properties relating to these devices. Firstly the
material has perfect symmetry. This results in a perfectly symmetrical beam
but also in more freedom in polarisation. The cavity length is also very short
and the frequency separation between consecutive modes is much greater
than the material bandwidth resulting in a single longitudinal emission.
However the gain per unit length is tiny requiring high reflectivity mirrors in
order to achieve lasing. This requires the use of a Distributed Bragg
reflector.

Distributed Bragg Reflector (DBR)
The Distributed Bragg Reflector (DBR), Figure 1-7, fulfils the need for a high
reflectivity mirror. This is necessitated by the low probability of stimulated
emission occurring in a single pass of the cavity.

Employing Eq. 1-2 it may be found that the reflectivity of the mirror needs to
«99.8 %, for threshold to be reached, metallic mirrors reflectivity is limited to
«97 % and therefore unusable in this situation. The low absorption
coefficient, for photons below the bandgap energy, of dielectric material and
semiconductors makes them suitable for a mirror. When two dielectric
materials with a differing refractive index are grown in order to form a
junction, the discontinuity would cause light to be reflected. Semiconductor
V4 wavelength layers of differing materials grown in this way will reflect light

at each discontinuity, added in phase these reflections produce a large
reflectivity. Such a device is visible in Figure 1-7.
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Distributed Bragg Reflector
(DBRs)

Figure 1-7: Distributed Bragg Reflector

The Stopband in the reflectivity curve of the DBR, figure 1-8, is centred on
the design wavelength of 940nm, The DBR was grown with 30 pairs of
AlAs/GaAs layers this gives a reflectivity of «99.99%, which is suitable for
use in a surface emitting laser.
Distributed Bragg Reflector Reflectivity

Figure 1-8: Reflectivity of a Distributed Bragg Reflector designed to reflect
light at 940nm by Institute of Electron Technology, Warsaw.
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Vertical Cavity Surface Emitting Laser
The most common form of surface emitting lasers is the Vertical Cavity
Surface Emitting Laser (VCSEL), figure 1-9. The Vertical Extended Cavity
Surface Emitting Laser (VECSEL) is based upon the VCSEL and shall be
dealt with later.

Metal contact
p type Bragg mirror
n type Bragg mirror

QW

n substrate

Metal contact

Figure 1-9: Vertical Cavity Surface Emitting Laser

The structure
VCSELs have many common characteristics; these typically are a short
cavity, high reflectivity Bragg mirror and an active region.
The cavity is in the order of 1-3 wavelengths of the emitted light, due to this
short cavity length it is imperative that the mirrors have very high
reflectivity, R>>99.8%. The high reflectivity requirement necessitates the use
of Distributed Bragg Reflectors (DBR) to create the cavity. Quantum wells
(QW) usually form part of the active region, quantum dots are also used to a
lesser extent. The growth of QW within the active region allows the designer
to influence the exact position of recombination and the optical properties of
the device. The placement of the QW is usually placed at the anti-nodes of
the desired emission wavelength.

VCSELs are usually electrically pumped using a ring electrode through
which the output beam may be extracted. The current is confined to the
active region by the doped DBR regions.
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Reduction in threshold current can be achieved through carrier
confinement, this is implemented by limiting the cross-sectional area in
which recombination may occur. This is achieved through a variety of
techniques.
The threshold of a VCSEL may be found through using [Equation 1-2]

Reflectance VCSEL

Figure 1-10: Reflectivity taken of a Vertical Cavity Surface Emitting Laser.

The reflectivity of the VCSEL, figure 1-10, clearly illustrates the working
wavelength of the VCSEL. It is possible to see distinctly the high reflectivity
of the DBR in which the QW absorption and the cavity resonance dip at the
operational wavelength may be seen. The reflectivity spectrum was taken
with a 1 meter SPEX monochromator with a single grating 600pm groove and
a resolution of 1.8 nm/mm slit, a silicon detector, DET 210, was used to
detect the reflected light.
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VCSEL Structures
VCSEL structures come in many different forms and have some basic
characteristics such as a gain region or active region, and two DBRs the first
with a reflectivity of -99.99% and the second -99.7%. The latter is known as
the output coupler (OC) and it is from here it radiates.
As all VCSELs are grown differently, figure (1-11)-(1-15) have only their
contacts and active region highlighted. They are all similar in that they
consist of p-i-n junctions and optical confinement is implemented through
steps in refractive index. This index step may be provided by a difference
between materials or as in a post laser the difference between the material
and air.
The active region is highlighted in red and the contacts in gold.
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,j:l

Light out

Light out

Figure 1-11: Etched well laserl"^

Figure 1-12: Back emitting post
laserf^

tr

Light out
Light out

Figure l-13:Intra cavity contacted

Figure 1-14: Double intra cavity

post laser

contacted post laser n

Light out

Figure 1-15: Planar top emitting laser.
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VECSEL
VECSELs have many similarities to VCSELs in that the VECSEL device has
the same bottom layers as the VCSEL device. Comparing the diagram of the
VCSEL, figure 1-9, and that of the VECSEL figure 1-16, it is possible to
appreciate the similarities between the two designs. The upper mirror of the
laser in the VECSEL is an external mirror, which acts as an OC as such it
has a reflectivity slightly below that of the lower mirror «98%.

External
mirror

gain region with
QW
DBR

Figure 1-16 Vertical Extended Cavity Surface Emitting Laser

The external cavity has distinct advantages for intra cavity devices over the
VCSEL. The external cavity allows devices such as non-linear crystals,
semiconductor saturable absorbers, etalons, optical filter etc. to be placed
within the cavity. This is beneficial for many applications. These will be
discussed in detail in the following chapters.

A de Burca

Page 15 of 72

The pumping of these devices may be optical or electrical, and materially
effects the growth of said device as in electrically pumped device p-i-n
regions must be grown. This is not necessary in an optically pumped
VECSEL. Electrodes are also necessary in an electrically pumped device and
the bottom electrode would be similar to those visible in the VCSEL
diagrams, the output electrode however is normally a ring electrode around
the active region, this injects current into the aforementioned area.

The output power of a VECSEL device, grown in Tampere University of
Technology, Optoelectronics group, Finland, may be seen in Fig 17 it is
comparable with VCSEL power outputs and edge emitters. The exponential
increase, which occurs at threshold in lasers is highlighted and expanded
logarithmically in the inset.

Figure 1-17: VECSEL Output laser power, Insert: Log expansion of Threshold.
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The reflectivity of the VECSEL, figure 1-18, is similar to the VCSEL with the
reflectivity of the DBR clearly visible. The cavity resonance is clearly visible
and corresponds exactly with the photoluminescence spectrum. It is centred
in the stopband, which was designed to emit at 980nm.

Figure 1-18: VECSEL Reflectance (R) and Photoluminescence (PL).
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Comparison of surface and edge emitters
Structural differences
There are major structural differences between surface emitters and edge
emitters.
Stimulated emission in edge emitters travels parallel to the p-i-n junction
between the mirrors, thus residing in the active region. In surface emitters it
travels perpendicular to the p-i-n junction, being amplified only inside the
active region during a small part of the round trip. This result in the
difference in the manufacturing as DBRs must be grown.
VCSELs due their short resonator lengths usually only have one resonator
mode, which coincides with the gain peak, edge emitters due to their much
longer resonator cavity can have several which coincide with the gain peak.

Growth
One of the major benefits of surface emitting devices over edge emitters is
the possibility of testing the devices during growth. This is not possible with
edge emitters as it is only when the devices are cleaved from the wafer that
the resonator is completed and therefore the device may be tested. However
the growth process of edge emitters is less costly and simpler than that of
the surface emitter.

Output modes
Due to inhomogeneous electrical pumping, short axial mode distance and
thermal effects inside the active region, edge-emitting lasers do not emit in
the fundamental mode at high optical output power t^l.
It is however possible to achieve fundamental mode output at high powers
from the surface emitters.
The output beam of the surface emitter is symmetrical; the edge emitter’s
output beam is asymmetrical.

A de Burca

Page 18 of 72

2

Vertical Extended Cavity Surface
Emitting Laser Structures

2.1

VECSEL structure and design

Within this chapter a detailed investigation into VECSELs, one of the surface
emitting lasers previously discussed, shall be developed.
The VECSEL device structure is similar to that of the VCSEL device, the
bandgap diagram of the VECSEL is shown in Figure 2-1. The VCSEL
bandgap diagram would be similar, the two depart from each other only in
the final layers, where the latter repeats the DBR structure and the former
completes the device with a window and capping layer, 1^1.

Bandgap diagram

Figure 2-1: VECSEL bandgap diagram
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The design of the bandgaps effectively confines radiation and encourages
recombination to occur in the quantum wells. Electrons are stimulated
throughout the active region, and then migrate to the quantum wells. The
bandgap is a function of the position, z, within the VECSEL, Figure 2-1. This
is a typical VECSEL that was designed to emit at 1040nm, VECSELs
designed to emit at 980nm were also used in the research. The quantum
wells are grown at the antinodes. Figure 2-2, this results in an active region
that is 8 A/2 long, lying above this is a window layer of AlAs and a capping
layer, this protects the device from oxidation. A DBR of 30 pairs of GaAs/
AlAs lies under the active region, which has 7 InQ 26^^o 74^^ quantum wells.

Figure 2-2 Expansion of the active region with standing wave illustrated.

The structure of the VECSEL device is dependent on many considerations:
1. The desired emitting wavelength.
2. Pumping method.
3. Detuned\tuned cavity.
4. Whether or not pump dividers are required.

These considerations materially affect the growth and structure of the
device.
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2.2

VECSEL Pumping

VECSEL pumping is an important issue, which should be taken into
consideration prior to the design and growth of the device. This decision
effects the growth of the device as an electrically pumped device must be
doped and be electrically contacted while for an optically pumped device
nether of these is necessary.

Electrical pumping
Electrically pumped VECSEL devices are implemented in many different
forms but all have similar features.
•

Electrically pumped devices have imbedded p-i-n junctions within
their structures.

•

These devices also require electrical contacts in order to pump the
device. The top contact must allow for light to be coupled to the
external cavity, figure 2-3. There are a variety of alternatives, which
achieve this including a ring contact.

•

The pumping of the device must be homogeneous.

•

The DBR has a high resistance, which should be minimised in order
to reduce heating. This may be achieved by special doping the DBR.
This needs to be carefully balanced as doping the DBR increases the
optical loss through free carrier absorption lioi.
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Top concave mirror
(Rc= 10 mm)

Lateral top contact
^ n+ contact layer
i

</V)>
0)
s
o

n-inP

'

__ n-^/p-^

tunnel junction

p-inP
H+ implantation

u

1
O

n4nP

n-SnP/substrate

Bottom contact

Cu heatsink

Figure 2-3: Electrically pumped VECSEL device.

The doping of the electrically pumped VECSEL device may be achieved in
many ways one of which is illustrated in Figure 2-3. The above diagram has
an n-doped mirror, as the free carrier losses in n doped mirrors are
approximately a factor of two smaller than that of the p-doped mirror. The n
doped mirror also exhibits a smaller electrical resistance than the p doped.
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Optical pumping
Optically pumped VECSEL devices are structurally much simpler than an
electrically pumped device as doping is unnecessary. This simplifies the
manufacturing process.
The pumping can be homogeneous or have an optimised beam profile. This
profile should be a circular symmetric beam gaussian profile for TEMoo
mode.
The resulting output power corresponds directly to the pump area

External
Mirror

Pump Laser
808nm

Figure 2-4: Optically pumped VECSEL

To achieve a desirable beam profile it is necessary for the pump to be as
near to perpendicular to the active region as possible

The power density

of the spot needs to be greater than the threshold value in order to start
lasing, this may require a more complicated pump structure than that
shown in Figure 2-4. The VECSEL should be mounted on a heat sink to
allow for heat extraction from the device. This heating is mainly caused by
material defects within the device.
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Experimental pumping system
An optical pumping system was chosen as being the most appropriate for
the desired experiments. The best pumping system was found
experimentally, the output required from the system was a spot size of under
lOOvim. The best system was found to be a two-lens system. The table below
illustrates the combinations and the outputs. The choices were limited due
to spatial considerations.

Table 1: Len combinations for optical pumping, found through
experimentation.

Lens

Output

combinations
15mm 18mm

30.8 mW

15mm 6mm

35.4 mW

20mm 6mm

31 mW

20mm-8mm

52.1 mW

25mm-8mm

44.5 mW

25mm-6mm

26.2mW

25mm- 15mm

51.5 mW

25mm-20mm

49.8 mW

The lens used were a 15mm, 20mm, 25mm biconvex enses, the 6mm and
8mm lenses were aspherical lenses, these results were found experimentally
by measuring the pump power at the required position. The lenses chosen
were the 20mm biconvex and the 8mm aspherical, figure 2-5. The spot
output from system was of a suitable size for the application at «60]Jim. The
pumping system was limited in choice due to difficulties achieving the focal
point and simultaneously allowing for coupling of the VECSEL output with
the output coupler.

Figure 2-5: pumping system
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2.3

VECSEL growth

The VECSELs are usually grown using one of two techniques:
1. Molecular Beam Epitaxy (MBE)
2,

Metal Organic Vapour Phase Epitaxy (MOVPE)

These techniques are discussed in Appendix A.

Growth considerations

The choice of a growth technique is based on the desired structure and
needs. MBE suffers from low yield compared to other techniques such as
Liquid Phase Epitaxy (LPE) and MOVPE due to lower growth rate and wafer
capability. It is also highly susceptible to oval defects. This is balanced by
the higher material quality due to the control of the vacuum and the source
material quality.
The technique that was used in the growth of the samples used in the
research was MBE.
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2.4

Characterisation

Reflectance spectra
A reflectance spectrum was taken for a variety of samples and was used to
characterise the material. The reflectance (R) is probed by a spectrally
resolved source. The setup employed for the reflectance spectrum was a
1 meter long monochromator with a tungsten halogen light source. The
spectrally resolved light was focused through an objective lens, which was
placed subsequent to a beam polarizer, onto the material. The information
received from the reflectance curve allows us to examine the stopband, in
this area >99% of the light is reflected, and the cavity resonance and
absorption of the multi Quantum Wells placed at the anti-nodes of the
microcavity.
The theoretical curve of the VECSEL designed by Institute of Electron
Technology, Warsaw, to emit at the wavelength of 980nm, figure 2-6.

Figure 2-6:Theoretical reflectivity spectra of the VECSEL designed to emit at
the wavelength 980nm.

It is possible to see that a properly tuned sample, figure 2-7, corresponds
well with the theoretical curve. However if the VECSEL is grown by MBE
many of the samples if taken from other parts of the wafer may be
unsuitable for lasing. This may be seen in Figure 2-8.
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Figure 2-7: Experimental reflectivity spectra of the 980nm

Reflectivity curves are employed to locate the most suitable structures for
lasing as such there are characteristics that suggest good lasing potential.
These include a stopband centred on the design wavelength, a resonant
cavity mode and QW absorption centred in the stopband, the stopbands
reflectivity, R, should be >99%. Common faults are illustrated by figure 2-10
and figure 2-11. With the former fulfilling none of the criteria and the latter
fulfilling some. The sample in figure 2-10 has a stopband centred at
«925nm, as the quantum well absorbs at 955nm in the cavity mode is not
centred within the stopband. The reflectivity of the stopband is also quiet
poor with it being just 70% of the metal mirror. This would not adequately
reflect the emission from the QWs, and therefore the VECSEL would not
reach threshold.
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Figure 2-8: VECSEL wafer 2, part IJ.

Reflectance 2-8a
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Figure 2-9; VECSEL wafer 2 part 8 A.
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Photoluminescence spectra
Photoluminescence is achieved by irradiating the surface with light with
energy larger than the bandgap, the energy difference between the valance
band and the conduction band, of the QW. Radiation occurs at the bandgap
wavelength of the QW. The resultant spectra will allow a determination of the
wavelength for which peak gain occurs, and would allow for an investigation
into the composition of the alloy.
Used with the reflectance spectra it is possible to identify the best sample for
use in our experiment. The photoluminescence spectra should align with the
cavity resonance and these should be spectrally centred within the
stopband.

Figure 2-10: Photoluminescence curve, part IH.

The photoluminescence spectrum, figure 2-10, allows an investigation into
the wavelength at which the sample emits. This luminescence energy should
be the bandgap of the quantum wells. This should correspond to the
resonant cavity of the device and be situated within the centre of the
stopband. This in turn, for a tuned device, should be at the design
wavelength. Comparing the photoluminescence and reflectance spectra,
figure 2-11, allows us to evaluate the success of the growth and the viability
of the sample. It is possible to see in figure 2-11 that the stopband is centred
at the emitting wavelength. This sample is ideal for the experiment.
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Figure 2-11: Reflectance and photoluminescence spectra, Wafer 2 part Ih.
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2.5

Tuned and detuned structures

In some cases a device may be deliberately detuned in order to improve
thermal management, this will be dealt with in the section on thermal
management.

The causes of the dip in a tuned device may be clearly seen separately in the
detuned device. In figure 2-12 it is clearly visible that there are two dips in
the stopband. The first of these is the absorption of the quantum wells and
the second is the cavity resonance. This spectrum was taken at room
temperature. It is possible to tune this device through heating the material,
this is necessary in order for the VECSEL to laze.

Figure 2-12: Reflectance of detuned VECSEL device.

When comparing the detuned sample’s reflectivity spectrum against that of
the tuned sample in figure 2-7 it is possible to see that both spectra have
their reflectivity centred around the desired emitting wavelength, the
difference lies in the desired operating temperature with tuned sample
designed to work at room temperature and the detuned at another, usually
higher, temperature. The mechanics of this is discussed in chapter 5.
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2.6

Pump dividers

Pump dividers are thin layers of material added to the cavity in order to
distribute the carriers stimulated by the pump beam equally between all the
quantum wells. This would in turn mean that the light is emitted equally
from all the QWs this is a more efficient method of pumping the active
region.
This is achieved by growing the material so the width of the divider layer gets
progressively smaller while conversely the width of the GaAs increases,
allowing of a larger area to absorb the pump photons. Each of the 12 QWs
are placed A/2 apart with the pump divider getting progressively smaller so
that 1/12 of the pump power is absorbed in each barrier between the QWs.

Bandgap

¥ T V
Distance (z)

Figure 2-13: Simplified
Bandgap versus distance, z, for a VECSEL structure including pump dividers.

The material used has a higher refractive index than the GaAs barriers. This
changes the thermally induced tuning and detuning of the material.
The material grown in Tempere was grown to emit at 1040nm.
The active medium consists of 30 pairs of AlAs/GaAs DBR, 12
Ino.26G^0.74^s QWs separated by GaAs barriers. There are Alg.sGao.yAs
pump dividers between QWs.
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3

Cavity design and implementation

3.1

Cavity implementation

The VECSEL device is an extremely versatile device, which may be adapted
to many functions through the relatively simple expedient of cavity
configuration. The configurations that were investigated during
experimentation will be illustrated and compared in relation to use and
practicality in the following chapter. These devices are all, where possible,
compared in regard to an output when emitting in the fundamental
transverse mode, figure 3-1.

The cavity configuration is an important design consideration as each
configuration is suitable for a variety of applications. The structures used in
the experiment were all optically pumped however the configurations are
also applicable for electrically pumped VECSELs.

The devices are all considered in particular in relation to mode-locking, as
well as the placement of intra-cavity devices.
The optical pumping was pulsed due to thermal considerations; this will be
dealt with in the chapter on thermal management. CW operation was
achieved using a variety of methods for thermal management. However this
was limited to specific conditions.
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Output Transverse Modes
Transverse modes determine the intensity distribution on the cross section
of the beam. The modes are Hermite- Guassian resonator modes with the
simplest mode being a pure Gaussian mode. These modes are also referred
to as Transverse Electro-Magnetic (TEM). These are referred to as TEM mn
where m and n are the indices of the mode; m refers to the number of
intensity minima in the direction of the electrical field and n to number in
the direction of the magnetic field.
The images below were taken using a CCD camera. The modes emanate from
a VECSEL cavity when the cavity is tuned correctly. In most cases the
cavities easily change modes with slight modifications of the cavities.

Figure 3-1: Mode 00, Fundamental

Figure 3-2: Mode 10

Figure 3-3: Mode 20

Figure 3-4: Mode 11
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Cavity Alignment
Each cavity had to be aligned carefully to achieve lasing. This was achieved
through the use of a camera focused on the gain material, figure 3-5.

Figure 3-5: Pump power and reflection on gain material.

Using the images it was possible to align the device. This is accomplished by
aligning the reflected image/ images with the pump. When lasing occurs a
power meter is aligned and used to facilitate finding the maximum output, in
the fundamental mode.

Figure 3-6: Device lasing.
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3.2

Cavity design

Simple cavity

Simple cavity

Figure 3-7: Simple cavity

The simple cavity, figure 3-7, is the most basic cavity configuration and as
such is the easiest to align, as it has the fewest degrees of freedom. The
cavity allows for material to be substituted easily, this allows for a simple
lasing test on the device.

If the test is successful it is then possible to consider alternative
configurations. The simple cavity also allows for a simple test of many intra
cavity components. This is achieved by placing the device within an aligned
cavity; the device or the cavity may need slight realignment. The output may
then be compared with the original cavity.

Small modifications cause this cavity to change output modes

Continuous Wave operation
Continuous wave operation was achieved for the configuration in 3-7. This
was achieved using some of the methods discussed in the chapter on
thermal management.
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V cavities
There are many benefits of a V cavity, which includes an increased output
from the VECSEL, this however relies on the angle a. The greater the angle,
the lower the output, figure 3-8.

V cavity
T=3%, ROC=80mm

Figure 3-8: Gain centred V cavity.

It is possible to create the V cavity in two possible forms, figure 3-8 and 3-9;
the former achieves a higher output due to the cavity being centred on the
gain material resulting in the stimulated emission passing the gain region
twice before reaching the output coupler.

Inverted V cavity

Figure 3-9: OC centred V cavity OC centred V cavity.
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The V cavities are an extremely useful cavity configuration as they can be
used to allow easy placement of devices within the cavity. Some devices
however may need to be placed at a focus point due to spatial
considerations, such as periodically poled lithium niobate (PPLN), if this is
the case the V cavity can be extended as in figure 3-10.

Extended V cavity

Figure 3-10: Extended V cavity.

These cavities are more stable it relation to output transverse mode than the
simple cavity, within the category we found that the inverted cavity was
marginally less stable in this regard than the V cavity.

Mode-locked
The V cavity may be used for mode-locking by placing a SESAM at one end
of the cavity, to replace the mirror f = oo, figure3-9 and figure 3-8, the
frequency of the mode-locked light is inversely proportional to the cavity
length. The output of the gain centred V cavity was greater then the inverted
V cavity however the output contained a greater number of modes than that
of the inverted cavity.
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Z cavity
The Z cavity increases the cavity length, which may be of benefit if an MHz
mode-locked output is desired. This increased length has other associated
benefits such as increased area into which devices may be placed, while
allowing for mode-locking of the device, figure 3-11. The increase in the
number of elements within the cavity proportionally increases the degrees of
freedom when aligning the device, hence increasing the difficulty.

Z cavity
100% mirror ROC=100mm

Figure 3-11: Z cavity

The increased number of arms in the cavity also allows for a highly compact
device.
Upon investigation of the Z cavity it was established that the output was
highly dependent on the angle between the arms of the Z. This dependence
is much greater than that of the V cavities as the angle in the Z cavity is
reproduced in each arm of the Z cavity. The larger this angle was the lower
the output from the cavity.
The configuration allowed for the placement of a greater number of intra
cavity devices than either of the V cavities.

Mode-locking
This configuration allows for mode-locked output as the flat mirror may be
replaced with a SESAM device producing passively mode-locked light.
The output is similar to that achieved with the V cavity centred on the gain,
it’s output was nicely defined and single mode.
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Ring cavity
The ring cavity in figure 3-12 is eminently suitable for producing modelocked light.
The configuration however is more difficult to actualise than that of any of
the previously mentioned configurations. This is to be expected however as it
has a similar number of elements to that of the Z cavity however the cavity is
bi-directional and therefore most be aligned in both directions. This
alignment is imperative and when completed leads to the most stable
configuration investigated.

Double V cavity

Figure 3-12: Ring cavity.

The configuration produces two outputs from the OC, as it is bi-directional.
The output directly reflected from the material is however 2/3 greater than
that reflected from the flat mirror/SESAM. The angle of incidence on the
gain material is of great influence on the output from the cavity, a smaller
angle of incidence produces a greater amount of light. This dependence is
also seen with the angle of incidence on the SESAM device.
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This results in a compact device, as the angles need to be kept small in order
to produce the highest output power that it is practical to achieve. The
limitation of the configuration is in the placement of intra-cavity devices,
such as PPLN frequency doublers. Such devices need a compact beam
diameter this is not possible in this configuration, as this criterion may not
be met without blocking a beam path.
The stability of this configuration was greater than any of the previous
configurations. This configuration lased in the fundamental transverse mode
and 10 only, figure 3-1 and 3-2. Large changes in alignment were needed to
change transverse modes.

Mode-locking
This was highly suitable cavity configuration for mode-locking. It produces
two mode-locked outputs, of which the clockwise direction is greater in
magnitude. The unusual nature of this output is detailed in Chapter 4.
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4

Mode-locking

4.1

Introduction to mode-locking
techniques

Mode-locking of the VECSEL devices was investigated in relation to many of
the cavity designs discussed in Chapter 3.
Mode-locking describes a set of methods that are used to generate a
correlation between the phases and therefore make it possible to predict
when the intensity maxima will occur; these techniques may be split into
two categories; active mode-locking and passive mode-locking. The time
separation of pulses, i, occurring is dependent on the cavity length
separated in time by equation 4-1.
2L
T

Equation 4-1

= ——

c

Where Lcav is the cavity length and c is the speed of light.

Active mode-locking
Gain
Mate rial

AOM

Output
Coupler

DBR

Figure 4-1: A laser device actively mode-locked using a Acousto-Optic
Modulator, AOM.

By actively modulating the intra-cavity losses or the round trip phase
active mode-locked is achieved. This can be achieved by the placement of a
modulator within the cavity e.g. acousto-optic or electro-optic modulator
figure 4-1, a Mach-Zehnder integrated-optic modulator, or a semiconductor
electro-absorption modulator. The pulse duration may be calculated using
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the Kuizenga-Siegman theory. The theory is based on the supposition that
the pulse duration in active mode-locking is based on two competing
mechanisms, A slight attenuation of the pulse is caused by the modulator
thus reducing pulse width, however an increase in the pulse duration is
caused by the limited gain bandwidth reducing the bandwidth of the pulse.

Passive mode-locking
Radiation of a lower intensity is damped out by a non-linear intensity
dependent loss-mechanism (saturable absorber) placed within the cavity this
results in a single, intense pulse oscillating within the cavity. It is possible to
achieve reliable self-starting mode-locking

This is achieved when a non

linear device, such as a saturable absorber, that favours high intensities is
inserted into the cavity of a laser.
There are two concurrent properties which coincide to produce the
pulses shapes these are saturable gain and saturable loss.
Due to saturable gain, the gain saturates as the pulse progresses
amplifying the leading edge. Similarly the absorption saturates during the
passage of the pulse resulting in the leading being reduced. The resulting
pulse emerges when the gain is larger than the loss. This may be seen in
figure 4-2, which illustrates the processes for a fast absorber.

Figure 4-2: Fast Absorber pulse shaping.
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In cases were the passive mode-locking does not self-start it can be
necessary to modulate the pump laser in order to initiate the fluctuations.
This is more probable in fast absorbers, where recovery time is faster
then the pulse duration.
There are many saturable absorbers, which facilitate mode-locking
one of the most common being the SESAM, Semiconductor Saturable
Absorbing Mirror, however the following are also used in some cases
saturable absorbers based on quantum dots, Kerr lens mode-locking,
additive-pulse mode-locking and non-linear polarisation rotation.

The investigations carried out were related to passively mode-locked
VECSELs, which was easily accommodated with many of the cavities
previously discussed in chapter 3.
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Semiconductor Saturable Absorbing Mirror (SESAM)
Semiconductor saturable absorbers are a well-established technology for
passive mode-locking. Such a device usually contains a DBR mirror and a
single quantum well absorption layer, figure 4-3. The pulses are as a result
of phase locking of the multiple lasing modes supported in the laser
operation. High intensities cause the absorber to become saturated allowing
the majority of the cavity energy to be reflected from the mirror, thus
allowing the cavity gain to become greater than the cavity losses resulting in
lazing. At low intensities some of the light is absorbed in the absorption
layer, when this occurs the cavity losses are greater than the cavity gain,
thus threshold is not reached and no lasing occurs.

Sat. Abs.

R>99.5%:
DBR

Figure 4-3: Semiconductor saturable absorber mirrors.

The linear and non-linear optical properties may be engineered to have
optimal performance for a wide range of laser designs and operating regimes.
It is possible to design parameters such as operating wavelength (A),
modulation depth (AR), saturation fluence (Fsat), and absorber recovery time
(Ta),

for continuous wave (CW) mode-locked, and pulsed mode-locked

operation.

• Modulation depth:
At a given wavelength this is the maximum change of absorption induced
by the incident light. This can be chosen to achieve short pulse width
and reliable self-starting.
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• Saturation fluence:
The saturation fluence is the energy of a short signal pulse, which leads
to a reduction of loss to a third of its initial value per unit area. Low
saturation fluence decreases the threshold for CW mode-locking.

• Absorber recovery time:
The absorption recovery time, after the saturation pulse, is the
exponential decay time constant. For small recovery times self-starting
start up time increases dramatically with an increase of absorber speed.
Long recovery times spontaneous emission start to saturate the absorber
decreasing the modulation depth and degrading its self-starting
capabilityti^l.

Low saturation fluence is important in fundamentally mode-locked devices
with a repetition rate of greater than IGHz. Its importance is due to
increasingly lower intra-cavity energy that increases the difflculty in
saturating the SESAM.

The saturable absorber layer consists of a semiconductor layer with a single
QW that has a bandgap lower than the photon energy. During the
absorption electron-hole pairs are created.
Achieving short recovery time in order to produce short pulses necessitates
the removal of optically excited carriers. Intrinsic recombination processes
are usually too slow to deplete the band states of a semiconductor in a pico
second time frame. To achieve this time frame a method commonly used is
that of generating defect states in the band gap of the QW, which results in
fast carrier trapping to deplete the bands.
Commonly employed methods for the controlled incorporation of defects and
trap states are ion implantation and low temperature molecular beam
epitaxy.
The trap density and type of defect in ion -implanted semiconductor, are
determined by the implantation dose. The growth temperature controls the
defect density in low temperature semiconductors.

A de Burca

Page 46 of 72

Materials may be optimised to combine high modulation depth and small
non-saturable losses.
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Low-field-enhancement resonant SESAM (LOFERS) device
A LOFERS device is based on a standard DBR, such as a GaAs/AlAs, on
which an extra quarter wavelength layer of the high index material i.e. GaAs
is grown ti^l.
The absorber is grown near the surface with a very thin cap layer of GaAs
grown on this to protect the absorber layer. The benefits of this device lie in
the low saturation fluence, which may be up to 10 times lower than that of a
conventional low finesse device, and the high modulation depth.
The device is based upon the low temperature QW discussed in the previous
section.
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4.2

Mode-locking Experimentation

Material
There were two material s used during the research:
Tuned material
The active medium consists of 30 pairs of AlAs/GaAs DBR, 12
Ino.26G^0.74^s QWs separated by GaAs barriers; there are Alo.3Gao.7As
pump dividers between QWs. The QW were grown to emit at 1040nm
This was grown at the Tampere University of Technology, Optoelectronics
Research centre by J. Lyytikainen, M. Guina and M. Pessa.
Detuned material
The detuned material consisted of 30 pairs of AlAs/GaAs DBR, 8
Ino.2Gao.8As QWs separated by GaAs barriers. The QW were grown to emit
at 980nm.
The material was grown at the Institute of Electron Technology, Warsaw,
Poland. The material was grown by Dr. Jan Muszalski.

SESAM
This material was grown at the the Institute of Electron Technology, Warsaw,
Poland.
The device, which was used in the experimentation, was grown by MBE. The
hetrostructure consists of an absorption medium, a single quantum well,
grown on a high reflectivity AlGaAs/GaAs DBR. AlAs and GaAs was chosen
because of high refractive index contrast. The ultra fast recombination of the
photo-excited carriers in the LOFERS SESAM was the result of a high
density of non-stoichiometric arsenic atoms introduced during the low
substrate temperature QW growth and by efficient surface recombination
due to the extremely thin window layer, only 5nm of GaAs layer, covering the
QW from the surface side.
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Experimental setup
The setup used during the experiment was the ring cavity described
previously in chapter 3, figure 3-12,

The length of ring cavity, which is 395mm, determines mode-locked
frequency and in our case it is 0.76 GHz.
The active medium was optically pumped in quasi CW mode. Mode-locking
was successfully achieved when pulsed greater than 1 Hz and lower than 50
% duty cycle.

Double V cavity
0.467ns

0.467ns
Figure 4-4: Ring cavity design.

Results
The ring cavity is the most efficient method of providing pulsed mode-locked
light, it is however difficult to add intra-cavity devices due to spatial
considerations. The two outputs are locked in frequency, as the propagation
of light within the cavity is bi-directional. The output from the cavity was
measured using an digital oscilloscope connected to a silicon detector. This
output may be seen in figure 4-5. The output of the clockwise propagating
pulse is in red while that of the anticlockwise pulse is illustrated in black. It
is possible to see that the pulse in the clockwise direction is of greater power
than that in the anti-clockwise direction. This was taken with the pump
power at the threshold of the VECSEL.
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Figure 4-5: Output from mode-locked ring cavity. Red-clockwise, Blackanticlockwise.

The mode-locked region of the output may be seen in figure 4-6. It may be
seen that the output has more than one mode however that one mode is
predominant in both directions.
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Time (ns)
Figure 4-6: Expansion of mode-locked region of figure 4-4.

The fundamental of the frequency spectrum of the ring cavity output may be
seen in figure 4-7. The insert is of the entire spectrum as taken with the
spectrum analyser. The fundamental has a frequency of 756MHz as set by
the cavity length of the ring cavity. The full width half maximum was
0.52MHz. The maximum output achieved when both outputs are in pulse
mode is 365pW in the anti-clockwise direction and 500pW in the clockwise
direction; this was achieved with a pump power of 4.6W.

A de Burca

Page 52 of 72

750

755

760

765

Ferquency (MHz)

770

Figure 4-7: Frequency spectra of the ring cavity output.

When the pump power was increased the output was substantially different.
The output from the VECSEL may be seen in Figure 4-8.
When the power is increased substantially beyond the threshold it is
possible to see an interesting phenomenon, which are visible in Figure 4-8.
It is possible to see that while both outputs increased in power the
anticlockwise direction now has two pulses propagating in that direction.
This phenomenon is not witnessed in the clockwise direction.
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Figure 4-8: VECSEL output with increased power.

Increasing the pump power beyond 5 W resulted in the output in the
clockwise direction becoming CW. The anti-clockwise direction however
continues to be mode-locked. This is clearly visible in figure 4-9.
This is an unusual phenomenon as theoretically the cavity sets these
properties and in this case the cavity should be the same irrespective of
direction.

The CW threshold and therefore the output could be increased through
improvements in the thermal management. This would facilitate heat
removal from the material increasing its saturation threshold.

A de Burca

Page 54 of 72

c
o

0.25

-

0.00

0.25

0.50

0.75

1.00

Time (^s)
Figure 4-9: Over-pumped VECSEL output.

The pulse width was found for the output using an auto-correlator. This is
visible below in figure 4-10. The pulse width was measured from 1.3ps 3.5ps, with the lower value being found for a system carefully aligned for the
shortest pulse width.
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Figure 4-10: Auto-correlator measured pulse width.
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5

Thermal management

5.1

Introduction to thermal management

The thermal management of the VECSEL device is of paramount importance
in producing an efficient high-power VECSEL device. As the temperature
alters from the tuned temperature, the effective gain is reduced and
eventually the power rolls over
The effects of heat on the device may be illustrated by investigating the effect
on one element of the VECSEL. The effect of heat on the DBR may be derived
through the following equations.

Equation 5-1

Differentiating equation 5-1 gives you the equation 5-2.

.

,

,

j Srij

Equation 5-2
SA.

Where oi and

02

SX

are expansion coefficients, niand n2 are the refractive

indexes and Ao is the center wavelength
As illustrated for the DBR in the above equations, the effects of thermal
expansion and effect on the refractive index of material due to heat are of
extreme import, with the latter proving to have the greatest effect. It is
necessary to deal with the issue of temperature stability.
The effect of temperature on the refractive indexes of GaAs and AlAs is
illustrated in figure 5-1, where it is clearly visible that while the refractive
index of both materials change that of GaAs changes at a faster rate than
that of AlAs. This would rapidly change the operational wavelengths of the
DBR, cavity resonance and QW.
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Figure 5-1: Variation of refractive indexes of GaAs and AlAs with temperature
[19].

Heat is typically extracted through the DBR and substrate, which results in
significant thermal resistance, as the thermal conductivity of these materials
is relatively low. The limitation imposed by the thermal resistance can be
overcome through employing two methods;
1. Remove the substrate leaving a very thin device that is mounted on a
heat sink .
2. Bond a high conductivity heat-spreading window to the intra cavity
surface of the device.
Using the excess heat to tune a device may also be useful in achieving a
high-powered CW device.
The heat sink device was chosen for its’ thermal conductivity, k, this may be
seen in the table 5-1,
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5.2

Thermal management techniques

Substrate removal
One of the methods of improving the heat removal from the device is
substrate removal. The reason for the substrate removal is the low thermal
conductivity of the substrate material.
Table 5-1: Thermal conductivity of materials.

Material

Thermal
Conductivity
(W/mK)

Ultra Pure

410001

Diamond
CVD

1000

Sapphire

42

Glass

0.8

Copper

385

Brass

109

Silver

429

Aluminum

205

GaAs

55

Air at 20 °C

0.024

In figure 5-1, the outputs of a VECSEL device designed to emit at 980nm are
compared. The system utilised to achieve the results was a simple cavity
with the sample bonded to a heat sink using silver paste. Silver was chosen
due to its’ high thermal conductivity with aluminum chosen for the heat
sink, this had fin extrusions to allow heat to be removed quickly through
convection.

1 Wayne State University and General Electric
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thinned metallised

Figure 5-2: Average output power of VECSEL devices versus temperature. The
temperature was measured and controlled from the substrate side of the device
through the use of a Peltier device.

Substrate removal was investigated with the comparative outputs be seen in
figure 5-2. The devices were all mounted on an aluminium heat sink with a
Peltier controller sandwiched between the two parts of the heat sink. The
temperature, which was measured at the back of the material, was
controlled using the Peltier device. It is possible to see that the thinning
procedure not only increases the output for the VECSEL but that it also
broadens the range for which the device effectively produces laser light. The
metallised-thinned sample can be seen to reach threshold at 20°C, the width
of the region for which the device effectively produces light is larger than
that of the thinned sample. Roll off of the thinned metallised device is seen
to be slower than that of the thinned device. The thinned metallised device
would be the most effective device when increasing the pump power, and
therefore the emitted heat, due to its working temperature range. The lower
output from the metallised device may be due to a larger number of defects,
such as oval defects, on this sample.
The increase in defects may cause more heat to be created through nonradiative emission. This reduces the amount of radiative photonic emission
emitted and simultaneously increases the heat, which must be removed
from the device through the heat sink decreasing the efficiency of the device.
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Diamond Window
The second method requires the bonding of a window with high thermal
conductivity to the VECSEL device. The bonding must allow for excellent
thermal conductivity between the device and the window. One of the
methods investigated was Van Der Waals bonding. This was considered to be
a potentially good method due to its fulfilment of the two prerequisites for
the window bonding. The first prerequisite is that there should be a high
thermal conductivity and the second that the bond should be optically
invisible at both the pump wavelength and the emitted wavelength.
Improvement of the thermal resistance between the two surfaces would
increase the efficiency of the heat removal.
When considering table 5-1 two materials fulfil the second criteria for
window layers these are diamond and sapphire, however diamond window
however would be the superior of the two as its’ thermal conductivity is
much superior.

The steps needed to achieve Van der Waals bonding are as follows:
1. Cleaving the device from the wafer
2. Cleaning the device with DI water leaving the device wet
3. Place device on window.
4. Apply pressure to the device.
The bonding is achieved when surface tension forces pull the water to the
edge of the device where it evaporates over hours, figure 5-3. The optical
fringes visible through the window layer disappear as the water evaporates
17]

[

VECSEL device

Figure 5-3: Van der Waals bonding.
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The bonding procedure relies on the two surfaces remain contaminate free,
and the surfaces being of high quality to sustain an interfacial bond. This is
extremely difficult to achieve.
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Detuned device
It is possible to design the VECSEL material to be tuned at a particular
temperature. Accomplishing this requires the design of the device to
incorporate the refractive index change with temperature and the thermal
expansion coefficient of the materials, as mention in equation 5-1 and 5-2,

The relevant coefficients of thermal expansion for the structures used in our
experiments are displayed below in Table 5-2.

Table 5-2: Coefficients of thermal expansion.

Thermal
Materials

expansion
coefficient /K

GaAs

6.86*10-6

AlAs

5.20*106

Alo.3Gao.7As

6.36*10-6

Ino.26Gao.74As

6.14*10-6

Using the formula given in equation 5-2, it is possible to find the effect of
heat on the DBR. Some of the information used to achieve this is quoted in
table 5-2 and figure 5-1. It is possible to see in both sources that GaAs is the
most affected element within the DBR and the gain region.

Designing the VECSEL to operate at a pre-prescribed temperature, by
effectively detuning the device at room temperature, may improve the
temperature performance. The average change in Ao for the DBR is thought
to be around 0. Inm/Kli^l, in our case it was found to be 0.1 Inm/^C, while
the change in the peak gain was found to be 0.5nm. The operational range is
shaded in blue in figure 5-4. The highest output is found at the tuned
wavelength.
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Figure 5-4: Temperature dependence of VECSEL device.

The results as seen in figure 5-4 are fairly intuitive when table 5-2 and figure
5-1 are taken into consideration as the gain region has proportionally more
GaAs than the DBR; this results in a more pronounced change in the region.

As can be seen from figure 5-4 the device in this case is tuned at 40^0. This
device was designed as a detuned VECSEL to emit at 980nm. It must be
noted that the device emits within a region surrounding the tuned position,
this area is highlighted in blue.
This is an effective method of harnessing the heat, which is a by-product of
the optical pumping.

This may be used in conjunction with either of the previously mentioned
methods of remove heat from the device. If it were used with either of the
prior methods it would allow for a greater increase in power.
The results of using two of these methods simultaneously improved the
output power and increased the range for which the device lazed, figure 5-5.
In the figure it is possible to see the spectra of a thinned metallised detuned
device against temperature.
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Spectra of thinned Vecsel structure.

Figure 5-5: Spectra of a thinned detuned VECSEL structure versus temperature
in °C.

It is possible to see that the temperature tuned the device, with the peak
output at 178nm 300C. The device lased for a wide range of temperatures
with a 200C working range in both directions and a rapid roll off occurring
after this point.

Continuous wave (CW) operation of a tuned VECSEL
CW operation was achieved for the configuration in figure 3-12. This was
realized using the thinned tuned material, pumped by a laser diode emitting
1.85W of power. Using a Peltier device and measuring the temperature on
the back of material we achieved lasing at 3.7°C. The two curved mirrors
were 99.8% reflective. Increasing the power output would require increasing
the pump spot size [20l and improving the heat evacuation further.
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Conclusions

VECSELs have many potential applications; many of these would require a
mode-locked laser, continuous wave operation (CW) and/or a high-powered
output. Within this body of research presented it is possible to deal with
these issues separately.

High output power and CW operation
High output power and CW operation require similar conditions in order to
be achievable, primarily the focus needs to be upon thermal management.
This may be achieved through variety of methods. These methods as
discussed in the chapter on thermal management include substrate removal,
a window bonded to the front surface of the material and growing detuned
material. All these techniques implemented singly or conjunctively will lead
to better thermal management. Each of the methods however is limited in a
variety of ways.
Substrate removal is the easiest to achieve but the thinner material is
subsequently more fragile.
The highly thermally conductive window is difficult to achieve due to the
difficulties produces sufficient bonding with the surface of the VECSEL
material. This bond needs to be optically clear and thermally conductive to
attain the desired performance from the window. This proved difficult to
achieve in a non clean room environment.
Detuned material is designed and grown to work at a particular
temperature, which allows for heating of the device in order to achieve
lasing.
CW operation was achieved in conjunction with two of the methods detailed
within this work, detuned material and substrate removal. Both the pump
and the output power was low, increasing the power would require better
heat evacuation. This could be achieved through the bonding of a window to
the material and improving the thermal conductivity of the heat sink.
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Mode-locking
Mode-locked lasers are possible using a variety of cavity configurations with
the ring cavity being of particular interest due to the dual output.
The cavity length sets the frequency of the laser making it possible to apply
the configuration to achieve a wide range of frequency outputs.
The outputs of the ring cavities are similar in that they have the same
frequency, which is set by the cavity length. It is possible to realise a single
mode output from both and the pulse width is similar, these are set by the
cavity properties.

D
(0
(0

c

0)

Figure 6-1: Output of the ring cavity, Red-clockwise, Black-anti-clockwise.

Further research needs to be completed on the output power anomalies, the
output modes, number of pulses, and the threshold at which the output
becomes CW.
These are veiy unusual as they differ markedly between the two outputs and
these characteristics should ensue from the cavity and material properties.
This suggests that the clockwise cavity is somehow different to that of the
anti clockwise direction.
This incongruity needs further study.
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Appendix 1. Growth techniques
A. 1 Molecular Beam Epitaxy (MBE)
MBE is an ultra high vacuum technique of epitaxy growth based on
interactions of one or more molecular or atomic beams that occurs on the
surface of a heated crystalline substrate. Angular distribution of the atom or
molecules in a beam is achieved by placing solid sources in evaporation
cells, figure 7-1. The sample is heated to the required temperature and
rotated to ensure homogeneous growth.

Figure 7-1: MBE system.

This technique allows for a growth rate of a few A/s, for this to be true the
rate of gas evolution from the materials in the chambers has to be as low as
possible, the shutters on the sources may be closed in fractions of a second
allowing for nearly atomically abrupt transitions between materials. These
mechanical shutters control the composition of the incoming beam while the
intensity of the flux of the components is controlled through careful variation
of the temperature of the cells, figure 7-1.
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A. 2 Metal Organic Vapour Phase Epitaxy (MOVPE)
This technique is based on the forced convection of metal organic species
over a heated substrate. The desired species is released when the molecules
strike the heated crystal causing crystal growth, figure 7-2.
Common sources for group V elements are arsine AsHa or phosphine (PH3),
while for Group III elements trimethylgallium (TMGa), TMAl and
trimethylindium (TMIn) are used. TMGa, TMAl and TMIn are liquids that
have high vapour pressure at room temperature these are transferred to the
reactor using a gas carrier, bubbling H2.

Reactive Gas

I

Oven

Pump

Carrier Gas
j—z

substrate on holder
Ultra sonic evaporator
Figure 7-2: MOCVD system

The reactions are carried out thermally with flowing gases.
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